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e
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(Dated: August 17, 2015)
We propose searching for deep underground cavities of different densities in the Earth’s crust
using a long-baseline ν¯e disappearance experiment, realized through a low-energy β-beam with
highly-enhanced luminosity. We focus on four cases: cavities with densities close to that of water,
iron-banded formations, heavier mineral deposits, and regions of abnormal charge accumulation that
have been posited to appear prior to the occurrence of an intense earthquake. The sensitivity to
identify cavities attains confidence levels higher than 3σ and 5σ for exposures times of 3 months
and 1.5 years, respectively, and cavity densities below 1 g cm−3 or above 5 g cm−3, with widths
greater than 200 km. We reconstruct the cavity density, width, and position, assuming one of them
known while keeping the other two free. We obtain large allowed regions that improve as the cavity
density differs more from the Earth’s mean density. Furthermore, we demonstrate that knowledge
of the cavity density is important to obtain O(10%) error on the width. Finally, we introduce an
observable to quantify the presence of a cavity by changing the orientation of the ν¯e beam, with
which we are able to identify the presence of a cavity at the 2σ to 5σ C.L.
PACS numbers: 14.60.Lm, 14.60.Pq, 91.35.Gf, 91.35.Pn
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I. INTRODUCTION
One of the most interesting findings in particle physics in the last two decades is the fact that neutrinos have
non-zero masses. As a consequence, they can transform periodically between different flavors as they propagate. This
quantum-mechanical phenomenon is known as neutrino oscillations [1, 2], and has been confirmed by overwhelming
experimental evidence (see, e.g., Refs. [3, 4] and references therein). The present and future experimental efforts
are focused on the precision measurement of the neutrino oscillation parameters and also on searches for hints of
physics beyond the Standard Model in the neutrino sector. The possibility of having detailed knowledge of these
parameters, together with advances in the experimental techniques in neutrino production and detection, has created
an appropriate scenario for proposing neutrino technological applications such as neutrino communication [5, 6],
neutrino tomography of the Earth [7, 8], and others [9].
These technological applications profit from different neutrino properties. For instance, neutrino communication is
interesting due to the fact that the neutrino interacts weakly with matter, making it possible to establish a link with a
receiver that is inaccessible by conventional means, i.e., electromagnetic waves, which are either damped or absorbed
by the intervening medium. On the other hand, the proposed neutrino tomography of the Earth’s interior relies on
the sensitivity of the oscillation probability to the matter density along the neutrino path. Inspired by this idea,
some studies have been made on the possibility of using neutrinos to search for regions of under- and over-density
compared to the average density of the Earth’s crust; notably in the context of petroleum-filled cavities, employing
either a superbeam [10] or the flux of 7Be solar neutrinos [11], and of electric charge accumulation in seismic faults
prior to earthquakes [12], employing reactor neutrinos.
In this letter, in comparison with previous works, we have made a more detailed analysis by including a better
description of the experimental setup, such as the neutrino flux description and a likelihood analysis. In this more
realistic framework, we have calculated, for the first time, the sensitivity to the detection of an underground cavity as
a function of its parameters (position, width, and density). Our experimental arrangement considers a long-baseline
(1500 km) neutrino disappearance experiment using a low-energy (5–150 MeV) β-beam [13] source, for which we
have studied four different cavity scenarios: water-like density [26], an iron-banded formation [25], a heavier mineral
deposit, and a zone of seismic faults [27]. Finally, another additional innovative idea is the introduction of a movable
configuration of beams and detectors.
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FIG. 1. (Color online) Cavity and neutrino beam with a fixed (a) and different orientations (b).
II. NEUTRINO PROPAGATION IN MATTER
The probability amplitudes for the neutrino flavor transitions ν¯e → ν¯β can be arranged in a column vector Ψe =
(ψee ψeµ ψeτ )
T
which evolves according to idΨe/dx = HΨe, where x is the distance traveled since creation and
the effective Hamiltonian in the flavor basis is given by H (x) = 1/ (2Eν)U
†diag
(
0,∆m221,∆m
2
31
)
U +A (x), with Eν
the neutrino energy, ∆m221 and ∆m
2
31 squared-neutrino mass differences, and U the lepton mixing matrix [14]. The
matter effects are encoded in the matrix A (x) = diag
(−√2GFNe (x) , 0, 0), where Ne (x) = yeρ (x)NAv is the electron
number density, with ρ the matter density, NAv Avogadro’s number, and ye = 0.494 the average electron fraction in
the Earth’s crust [12]. Our results have been obtained by numerically solving the evolution equation described above,
where we have fixed the values of the squared-mass differences and angles to the best-fit values of Ref. [15] and set
the CP phase to zero. It is important to point out that given that we will study only the ν¯e survival probability the
value of the CP phase is not important; furthermore, since this probability is driven by the solar scale ∆m221, the sign
of ∆m231 is also not relevant.
While our results have been obtained by numerically solving the evolution equation, in order to gain a qualitative
understanding of its behavior, we will refer in our discussion to the following well-known approximation of the
oscillation probability [16]: P 3νν¯e→ν¯e = P
2ν
ν¯e→ν¯e cos
4 θ13 + sin
4 θ13 (with A → A cos2 θ13), where P 2νν¯e→ν¯e is the two-
flavor slab approximation calculated for a piecewise constant density profile [17, 18] made up of three matter layers,
corresponding to the sections of the Earth’s interior that are traversed by the neutrino before entering the cavity,
inside of it, and after exiting it. It is described by P 2νν¯e→ν¯e = | [U ]11 |2, where U = U3 × U2 × U1 is the probability
amplitude of the ν¯e surviving the traversal of the three layers, Uk = cosφk − i(~nk · ~σ) sinφk, ~σ is the vector of Pauli
matrices, and ~nk = (sin 2θMk , 0,− cos 2θMk), with θMk the value of the θ12 mixing angle modified by matter effects in
the k-th slab. The frequencies φk are given by ∆m
2
Mk
xk/(4Eν), where xk is the width of the k-th slab, and ∆m
2
Mk
is the matter-modified value of ∆m221. Since the first and third slabs correspond to the crust, while the second one
corresponds to the cavity, we set x1 = d (distance from the surface to the first point of contact of the beam with
the cavity), x2 = w (width of the cavity traversed by the beam), and x3 = L0 − d − w (with L0 the total baseline
of the beam). Our numerical computation of the three-flavor oscillation probability and this approximation are in
reasonable agreement, to within ∼ 1%.
Location and shape of the cavity inside the Earth.– We have assumed the existence of a cavity of uniform density
ρcavity located within the Earth’s crust, itself of density given by the Preliminary Reference Earth Model (PREM)
[19]. Together, the ocean, crust, and LID (the low velocity zone, which is the main part of the seismic lithosphere)
layers of the PREM have a depth of up to 80 km and an average density of 〈ρ⊕〉 = 3.3 g cm−3. Interesting geological
features such as porous rock cavities, mineral deposits, and seismic faults lie in the crust and LID layers. Therefore,
we have supposed that no part of the cavity is below 80 km. The cavity itself has been modeled as an ellipsoid, and we
have studied an elliptic cross section of it, with major axis length w0 and minor axis length 0.2w0, as shown in Fig. 1a.
This choice of shape constitutes a toy model of a real cavity, which might, of course, have a more complicated shape.
Underground oil reservoirs and aquifers, in particular, have a flatter shape. However, our choice of an ellipsoid serves
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FIG. 2. (Color online) Confidence levels (C.L.s) in the w vs. ρcavity plane assuming there is no cavity. The four points A–D
are special cases described in the text.
to more easily test the capability of our proposed method. After fixing the value of the source-detector baseline, L0,
we position the neutrino source (S) on the Earth’s surface. Since the adopted density profile of the Earth is radially
symmetric, we can place the source at any position on the surface. In order to specify the location of the cavity, we
set the distance d0 measured along the baseline from the source to the cavity’s surface.
III. LOW-ENERGY β-BEAMS
There is currently a proposal to use a pure, collimated beam of low-energy ν¯e generated by means of the well-
understood β decay of boosted exotic ions [13] and detected through ν¯e+
12C → e++12B [20]. Our β-beam setup
contemplates an ion storage ring of total length ltot = 1885 m, with two straight sections of length lstraight = 678 m
each [21]. Inside the ring, 6He ions boosted up to a Lorentz factor γ = 25 decay through 62He
++ → 63Li++++ e−+ ν¯e
with a half-life t1/2 = 0.8067 s. Ion production with an ISOLDE technique [22] is expected to provide a rate of ion
injection of g = 2 × 1013 s−1 for 6He; we have introduced a highly optimistic 5000-fold enhancement of this value,
which has not priorly been considered in the literature.
The neutrino flux from the β decay of a nucleus in its rest frame is given by the formula [23] Φc.m. (Eν) =
bE2νEe
√
E2e −m2eF (±Z,Ee)Θ (Ee −me), where b = ln 2/
(
m5eft1/2
)
, with me the electron mass and ft1/2 = 806.7
the comparative half-life. The energy of the emitted electron is given by Ee = Q − Eν , with Q = 3.5078 MeV the
Q-value of the reaction, and F (±Z,Ee) the Fermi function.
Based on the formalism of Ref. [24], we have considered a cylindrical detector made of carbon, of radius R =
4
√
5 m ≈ 8.94 m and length h = 100 m, co-axial to the straight sections of the storage ring, and located at a distance
of L0 = 1500 km from it. The integrated number of e
+ at the detector, after an exposure time t, is calculated as
N = tg
t1/2
ln 2
nh
∫
dEνΦtot (Eν)Pν¯e→ν¯e (L0, Eν)σ (Eν) , (1)
with n ≈ 6.03× 1023 cm−3 the density of carbon nuclei in the detector and σ the detection cross section [20]. Since
L0 ≫ ltot, lstraight, h, we can write Φtot (Eν) ≃ Φlab (Eν , θ = 0) (lstraight/ltot)S/
(
4πL20
)
, where Φlab is the flux in the
laboratory frame [23], θ is the angle of emission of the neutrino with respect to the beam axis, and S = πR2 is the
detector’s transverse area.
IV. SENSITIVITY TO CAVITIES
We start by assuming that there is no cavity along the baseline L0 and we evaluate the sensitivity to differentiate
this situation from the hypothesis that the neutrino beam does traverse a cavity of width w, position d, and density
4TABLE I. Minimum value of density ρcavity required to achieve discovery of a cavity of width w centered on a baseline of length
L0 = 1500 km, with a statistical significance of 5σ or 10σ C.L. (with respect to the no-cavity case), for exposures of 3 months
or 1.5 years.
Cavity width (w)
ρcavity[g cm
−3]
3 months 1.5 years
5σ 10σ 5σ 10σ
50 km 18 > 25 9 15
100 km 10 18 6 9
250 km 6.5 9 4.5 6
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FIG. 3. (Color online) Confidence levels in the w vs. ρ plane for an exposure time of 1.5 years. Plots (a)–(d) correspond to
baseline-centered cavities A–D from Fig. 2. The real values (ρ0, w0) are marked by crosses and the best-fit values by stars.
ρ. To do this, we define
χ2 (w, d, ρ) =
∑
i
[N cavi (w, d, ρ) −Nno-cavi ]2
Nno-cavi
, (2)
with N cavi (w, d, ρ) the number of e
+, in the i-th energy bin, that reach the detector in the case where the beam
traverses the cavity, and Nno-cavi the corresponding number in the no-cavity case. Given that γ = 25, the neutrino
spectrum extends from 5 to 150 MeV, and we consider bins of 5 MeV. On account of the maximum energy considered,
the production of muons, via ν¯µ+
12C → µ+ +X , is inhibited, and thus the ν¯e → ν¯µ channel is not included in this
work.
Fig. 2 shows the sensitivity in the form of isocontours of χ2 = 1σ, 3σ, 5σ, and 10σ, with the hypothetical cavity
located at the center of the baseline, so that d = (L0−w)/2 (which is tantamount to φ1 = φ3), and detector exposure
times of (a) 3 months and (b) 1.5 years. Because of this relation between d and w, the analysis can be reduced to
two parameters: ρ and w (or d). It is observed that the sensitivity improves as |ρcavity − 〈ρ⊕〉| increases. Also, the
statistical significance, for the cavity hypothesis, grows with w, given that the cumulative matter density differences
are greater.
In the slab approximation, the behavior of the oscillation probability, which dictates the shape of the isocontours,
is dominated by the φ2 frequency, which is the only one that depends on both ρ and w. In fact, for a given energy,
and since we have observed that the combinations of sines and cosines of φ1 in the probability vary slowly with w (not
shown here), each isocontour approximately corresponds to a constant value of w
√
c2
0
E2
ν
+ 2c0c1ρ cos 2θ12Eν + c
2
1ρ
2, where
c0 ≡ ∆m221/4 and c1 ≡ −GF yeNAv cos2 θ13/
√
2. Table I shows the minimum value of ρcavity needed to reach 5σ and
10σ separations, for small (w = 50 km), medium (100 km), and large (250 km) cavities, after detector exposure times
of 3 months and 1.5 years.
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FIG. 4. (Color online) Confidence levels in the d vs. w plane for an exposure time of 1.5 years. Plots (a)–(d) correspond to
baseline-centered cavities A–D from Fig. 2. The real values (w0, d0) are marked by crosses and the best-fit values by stars.
V. DETERMINATION OF CAVITY PARAMETERS
The next step in our analysis is to change the assumption of no-cavity to that of a real cavity, and to find the
cavity’s position, width, and density. This implies replacing Nno-cavi → N cavi (w0, d0, ρcavity) in Eq. (2). Heretofore,
we set 1.5 years as exposure time, unless otherwise specified, and keep the other details of the study equal to those
presented in the sensitivity analysis of the previous section.
Firstly, we consider a cavity of known position, i.e., centered on the baseline (d = d0 = (L0 − w)/2) and find its
width and density. We will study the four points marked in Fig. 2: A (ρcavity = 1 g cm
−3, ye = 0.555, w0 = 250
km), corresponding to a cavity with an equivalent water-like density, motivated by Ref. [26]; B (ρcavity = 5 g cm
−3,
ye = 0.5, w0 = 250 km), to an iron-banded formation [25]; C (ρcavity = 10 g cm
−3, ye = 0.5, w0 = 100 km), to a
heavier mineral deposit; and D (ρcavity = 25 g cm
−3, ye = 0.5, w0 = 50 km), representing a zone of seismic faults
with the typical charge accumulation that supposedly exists prior to an earthquake of magnitude 7 in the Richter
scale [27]. For cavity D, note that, in Ref. [12], a value of ρcavity ≈ 〈ρ⊕〉 and a maximum value of ye ≈ 4 at the fault
are used, while, to keep in line with the analysis of cavities A–C, we have equivalently taken for cavity D ρcavity = 25
g cm−3 and ye = 0.5.
Notice that the closest distance from the cavities to the Earth surface, for A and B, is about 19 km, and, for cavities
C and D, 34 km and 39 km, respectively. Wider or uncentered cavities would lie closer to the surface; for instance, a
baseline-centered cavity with w0 = 323 km would lie only 12 km deep, which is roughly the current maximum drilling
depth [28].
In Fig. 3 we observe that values of ρ close to 〈ρ⊕〉 (equivalent to the no-cavity case), regardless of the value of w, are
at the same significance level as shown in Fig. 2. The shape of the isocontours is explained by the same argument as in
said figure. Notice that the uncertainty in w, for a fixed ρ hypothesis, decreases as the real cavity density gets farther
away from the Earth’s mean density. Furthermore, the allowed ranges of values of ρ and w are large in all cases, which
indicates that more information is needed to determine the cavity parameters. In this sense, it is interesting to point
out that in a real-case scenario, where either there could be some prior knowledge about the density or a particular
cavity density is being searched for, it would be possible to constrain w significantly. For instance, for ρ = 1 g cm−3
(case A), w = 240+30−50 km at 1σ uncertainties, while for ρ = 25 g cm
−3 (case D), w = 50± 10 km.
Secondly, motivated by the discussion at the end of the preceding paragraph, we consider the case where the density
of the cavity is known and find its position and width. In Fig. 4, we show the contour regions of the four cavity cases
A–D in the w and d plane (with w+ d ≤ L0). In this figure, the sizes of the w allowed regions are much smaller than
in the previous analysis in the w vs. ρ plane. Therefore, we are capable of determining w with reasonable precision in
cases C and D. On the other hand, the determination of d improves mildly as the density increases. For example, in
case A, d = 600+375−475 km and, in D, d = 725
+225
−275 km at 1σ uncertainties. This is because the assumption of a known
cavity density has a greater impact in the oscillation probability than knowing the cavity position. In fact, using
the slab approximation, the weak dependence of the probability on φ1 and φ3, and, therefore, on d, for most of the
relevant energy range, is clear.
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FIG. 5. (Color online) In solid black lines, A vs. α, for the four cavities A–D, together with selected uncertainty regions. The
exposure time is 3 months.
VI. SEARCHING FOR A CAVITY
We have explored the possibility of varying the beam orientation, defined by the angle α measured with respect to
the tangent to Earth at S, as a way of finding a cavity. This is shown in Fig. 1b, and could be implemented by using
a mobile neutrino detector, either on land [7] or at sea [6]. At an angle α, the beam travels a baseline Lα; for some
values of α, it will cross a portion of the cavity with position dα and width wα. To quantify the size of the traversed
portion, we have defined
A (L0, w0, d0, α, ρcavity) =
N cav (Lα, wα, dα, ρcavity)
Nno-cav (Lα)
, (3)
with N cav and Nno-cav the total numbers of e+ between 5 and 150 MeV, and Lα, wα, dα functions of L0, w0, d0, and
α. Deviations from A = 1 indicate the presence of a cavity. For this analysis, we have set the exposure time at t = 3
months.
Fig. 5 shows the A vs. α curves for the four cavities A–D. The curve for cavity A lies below A = 1 because its
density is lower than 〈ρ⊕〉, while the densities of cavities B–D are higher. The 1σA to 5σA uncertainty regions around
the curves are included, with σA ≡ A
√
(1/N cav) (1 +A) the standard deviation of A. Since N cav ∼ 1/L2α (see the
definition of Φtot following Eq. (1)), then σA ∼ Lα and, given that, by geometrical construction, Lα grows with α (as
long as α < 90◦), this means that σA also grows with α, a feature that is observed in Fig. 5. Similarly to previous
figures, the separation from A = 1 grows as ρcavity moves away from 〈ρ⊕〉. The C.L. achieved at the maximum
deviation point is not as high as those shown in Fig. 2, due to the fact the analysis of A does not take into account
the spectral shape, but only the total e+ count at the detector.
Separation from A = 1 at the 2σA C.L. is achieved for all cavities, with A and C reaching 3σA, and D reaching 5σA.
Thus, the parameter A could be used as a quick estimator of the presence of a cavity, while a more detailed analysis,
similar to the one performed for Fig. 4, could be used to estimate the cavity shape, i.e., its position and width, and,
from the latter, its volume.
VII. CONCLUSIONS
We have studied the use of a low-energy (5–150 MeV) β-beam of ν¯e, with a baseline of 1500 km and a large
luminosity enhancement, to find the presence of deep underground cavities in the Earth’s crust. In the context of
a more detailed analysis than prior work, we have determined for the first time the sensitivity of the experimental
setup as a function of the cavity density ρ and size w (dimension of the cavity aligned with the neutrino beamline),
which reaches significances in the order of 5σ (3σ) for baseline-centered cavities with densities lower than 1 g cm−3
or greater than 5 g cm−3, exposure time of 1.5 years (3 months), and w greater than 200 km. As a result, we have
7elaborated a roadmap that can be used to assess the possibility of discovering a cavity with an arbitrary density, at
a high confidence level, which increases as the density of the cavity differs more from that of the surrounding Earth’s
crust. We analyzed the C.L. regions of the reconstructed parameters of four different cavities in the ρ vs. w plane, for
a known cavity position d, and also in the w vs. d plane, when ρ is known. In general, the allowed regions are large,
but when there is knowledge of ρ the uncertainty on the cavity width is dramatically reduced, e.g., for ρ = 1 g cm−3,
the water equivalent case, and for ρ = 25 g cm−3, the seismic fault scenario, the cavity width can be determined to
within 20% error. Unfortunately, the uncertainty in the cavity position is always large, e.g., for ρ = 1 g cm−3 (25 g
cm−3) it has an error of 80% (40%).
It should be noted that there is an intrinsic triple degeneracy in the proposed method, between the position,
dimensions, and density of the cavity. This can be evidenced in Fig. 3, which shows that many different combinations
of w and ρ can fit a given detector signal comparably well. Simply put, it is equally valid to interpret the signal at
the detector as having been generated by a small cavity with high density, or by a large cavity with lower density;
ignorance of the position of the cavity adds an extra degree of freedom. Independent knowledge of one or two of these
parameters could be used to break the degeneracy, either partially or totally.
Finally, we have considered sweeping the Earth in search of a cavity using an orientable neutrino beam. In order
to do this, we have implemented a rate ratio analysis, which proves to be a useful tool to detect the presence of a
cavity, with at least 2σ statistical significance, and reaching up to 5σ for high densities (25 g cm−3) or, equivalently,
lower densities and higher electron fractions.
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